Resting energy expenditure (REE)-power relationships result from multiple underlying factors including weight and height. In addition, detailed body composition, including fat free mass (FFM) and its components, skeletal muscle mass and internal organs with high metabolic rates (i.e. brain, heart, liver, kidneys), are major determinants of REE. Since the mass of individual organs scales to height as well as to weight (and, thus, to constitution), the variance in these associations may also add to the variance in REE. Here we address body composition (measured by magnetic resonance imaging) and REE (assessed by indirect calorimetry) in a group of 330 healthy volunteers differing with respect to age (17-78 years), sex (61% female) and BMI (15.9-47.8 kg/m 2 ). Using three dimensional data interpolation we found that the inter-individual variance related to scaling of organ mass to height and weight and, thus, the constitution-related variances in either FFM (model 1) or kidneys, muscle, brain and liver (model 2) explained up to 43% of the inter-individual variance in REE. These data are the first evidence that constitution adds to the complexity of REE. Since organs scale differently as weight as well as height the ''fit'' of organ masses within constitution should be considered as a further trait.
Introduction
Empirically-derived equations to predict resting energy expenditure (REE) in humans include weight (or a measure of metabolically active body mass), height, age and sex as determinants. According to Max Kleiber's inter-species analysis published in 1932, REE scales as weight 0.75 (i.e., the L power law [1] ). More recent within-species data in humans reveal REE scaling to weight with powers of 0.64 to 0.73, suggesting some population-specific or between-studies diversities [2] . In addition to weight, REE also scales as height 1.5 and REE per weight (i.e., mass-specific metabolic rate) scales as height 20.5 [2] . Obviously, we are faced with multiple scaling relationships. Detailed body composition analysis may add to our understanding of the combined effects of weight and height on REE.
REE-power relationships are the result of multiple underlying factors. Internal mechanisms include anatomical aspects of the body (i.e., body weight, it's composition, cell size and cell number). REE is a complex feature resulting from the mass and the mix of energy-demanding components within a body as well as their functions (e.g. basic maintenance processes like protein synthesis and ion transport by membrane pumps in different cells). However, the mechanistic basis of the relationship between metabolic rate and body weight is not fully explained. Up to 80% of the between subject variability in REE is explained by fat free mass (FFM [3] ). Whole body REE can be further expressed as the sum of energy expended by individual organs and tissues within FFM [3] [4] [5] [6] [7] [8] [9] [10] [11] . Including the mass of individual organs into a regression analysis increased the explained inter-individual variance in REE to 86% [3] . Accordingly, modeling REE assuming constant organ and tissue metabolic rates [4] [5] [6] [7] [8] [9] [10] [11] , only small differences were found between measured and modeled REE (i.e., about 100 kJ/d) which did not support a mass-dependency of organ metabolic rates. The data thus suggests that the specific metabolic rate in humans with larger body mass is similar to those with smaller body masses [11] .
Regarding detailed body composition measurements as assessed by magnetic resonance imaging in vivo our previous studies also showed that FFM, skeletal muscle mass and liver mass all scaled to height [2, 12, 13] , suggesting that effects of stature on REE are partly explained by relationships to organ mass. The above mentioned increases in REE with height are then explained by parallel increases of height and weight (and thus, FFM and the mass of metabolically active organ mass) which all differ with respect to their scaling to height and weight and, thus, their contribution to the increase in REE with increasing height and weight. Since individual organs have different metabolic rates but also have distinctive and multiple scaling relationships (e.g., liver scaled to height with powers of about 2, whereas brain scaled to height with a power of 0.83) there is a need for an additional framework to predict REE.
Weight reflects the integrated effects of diet, activity, and genetic contributions to organ and tissue mass in the individual subject. Part of the between-individual variability in the relations between weight and body composition can be accounted for by betweenindividual differences in height. These multiple contributions lead to wide variation between individuals in the organ-tissue make up of body weight; we refer to this variation, after considering weight and height, as an individual's constitution. Individuals may not only differ in height and weight but also with respect to their constitution. Organs that are relatively small for individual weight and height may have a higher specific metabolic rate whereas relatively larger organs may have lower specific metabolic rates. Thus, besides the mass of organs, constitution may further add to the variance in specific metabolic rates.
Accordingly, we examined the scaling of organ mass to height and to weight in a large group of healthy subjects to assess whether inter-individual differences in organ mass per height and weight adds to the variance in REE. We also tried to address the question whether organ size relative to weight and height influences specific metabolic rates and thus adds to variance in REE.
Results

Descriptive presentation of data on body composition and resting energy expenditure
Descriptive data on our study population are presented in Table 1 . Significant sex differences are present in age, height, weight, waist circumference, fat, muscle, organ mass (except for liver) and REE. Men were more frequently overweight while women were more frequently obese.
Associations of constitution (height and weight) with organs, tissues and resting energy expenditure
In both sexes, there were similar associations between organ and tissue mass, and body weight. Nearly all organs and tissues as well as REE ware inter-correlated with weight and height with non significant correlations between masses of kidneys or spleen and height in men and fat mass or brain mass and height in women, respectively ( Table 2) . Scaling exponents were above 1 in the case of fat mass and spleen whereas weight scaling exponents were between 0.71 and 0.88 in the case of FFM, muscle mass, liver, and kidneys with very low exponents in the cases of brain and heart. Using one-dimensional analogues (comp. methods) these data were used to fit the organ masses to the height and weight (Fig.1) . Alternatively a functional form using height x weight was used to predict individual organ masses ( Table 2) . When compared with each other there were differences in the a-values but similar data were obtained for the exponents b and c.
Association between weight, height and individual organ masses as well as REE In Table 3 mean data for the mass of height and weightadjusted organs are given. Plotting organ mass against weight (xaxis) plus height (z-axis) revealed three dimensional diagrams with different surfaces (Fig.1) . These surfaces can be used to calculate the percentage mean deviations of measured from mean organ or tissue mass (Table 4) . When compared with the mass of other organs and tissues there were higher mean deviations and a greater variance of percentage FM. By contrast, the percentage mean deviations between measured and calculated FFM and its individual constituents were small but the variance in data was high.
Constitution and resting energy expenditure
Plotting REE against weight and height (Fig.2 ) resulted in a 3-dimensional surface reflecting both, increases in REE with weight and height. Partial correlation coefficients between REE and organ mass revealed highest values for muscle and liver mass ( Table 5 ). However adjusting organ mass for height and weight reduced most of the associations with REE which still remained significant. When compared to adjustments for height, adjusting for weight had a more pronounced effect on the organ mass-REE association in skeletal muscle, liver, kidneys and spleen. Adjusting brain for either weight or height had only a small effect on the brain-REE relationship. However adjusting for weight plus height reduced the correlation coefficient by about 30%. By contrast to the other organs, adjusting heart mass for weight, height and weight and height had no effect on the association between heart mass and REE. In the case of liver, kidneys and spleen adjusting for height had small or no effects, whereas adjusting for weight had considerable effects on partial correlation coefficients.
Regression analyses on the variance of resting energy expenditure
Multiple stepwise regression analysis of the variances of REE adjusted for constitution (dependent variable) in percentage mean deviations between measured and calculated values showed that the constitution-related variances in either FFM (model 1) or kidneys, muscle, brain and liver (model 2) explained up to 35% suggesting that the variances between organ masses and constitution add up to a considerable proportion of the constitution-related variances in REE ( Table 6) .
In a further multivariate regression analysis, REE ( = dependent variable) was modelled as a linear function of weight, sex, height and age (model1) with a coefficient of determination (R 2 ) of 0.76. Replacing weight by FM and FFM (model 2) increased R 2 to 0.80. Replacing FFM by individual organ masses (model 3) further increased R 2 to 0.82. Adding constitution-related variances in organ masses (model 4) as further independent variables the final R 2 was 0.83. The F statistic for the multiple regression analysis showed significant results for all models mentioned. Based on the significance of the F-Test (p,0,001) the increase of R 2 by stepwise addition of the organ masses and organ mass in relation to constitution to the model is meaningful and has additional explanatory power.
Discussion
Whole body metabolism is a composite of different metabolic rates in different organs or tissues. FFM is the major determinant of REE, explaining up to 80% of its variance. In addition to FFM, its composition and the proportion of metabolically active mass add a further 4% of explained variance of REE [10, 11] . Each organ and tissue scales differently to body weight and height ( [14] ; Table 2 ). The present data point out to the idea that in humans the inter-individual variances related to scaling of organ mass to height and weight is a further determinant of the variance in REE. Organ mass has significant associations with REE, with highest correlation coefficients observed for muscle and liver mass. Since there are inter-individual differences in the relation of organ mass to either height and weight, this also adds to the inter-individual variance in REE by up to 43%.
No study has yet considered the independent organ scaling effects of weight and height on REE. Previous authors had linked REE to weight, weight again linked with FFM. Weight also links with height and height is related to REE (through weight). The present study adds relations between weight and height to organs and, thus, to REE. It becomes evident that constitution influences REE through variable organ proportions. Our data analysis is limited to organ mass and could not take into account the specific metabolic rates of individual organs. In addition, we could not address the role of brown adipose tissue (BAT) which may have a considerable effect on the inter-as well as intra-individual variance in REE. PET-CT data on humans have recently shown a prevalence of BAT in the order of 5-10% [15] [16] [17] . However, the reproducibility estimation was low with only one in eight patients with BAT having positive scans at an additional PET-CTinvestigation [17] . So far neither exact BAT mass nor it's specific metabolic activity have been quantified in humans. Preliminary estimates based on animal experiments suggest that 25 or 50 g maximally stimulated BAT may explain up to 20% of energy expenditure in humans [18, 19] . By contrast, interscapular energy expenditure contributes minimally (i.e. ,1%) to whole body oxygen consumption in a human study questioning the functional importance of BAT [20, 21] . Anyhow these data suggest that future assessments of functional body composition should include a measure of BAT too. The present data may also add to discuss recent results related to genome-wide association studies. Both, height as well weight are heritable and polygenetic traits [22, 23] . Although hundreds of loci have been indentified, only a few were associated with both, height and weight (e.g., the melanocortin 4 receptor gene). The genes affecting weight and height also may have an effect on REE. Removal of the effect of genes on constitution may then allow detection of genes affecting REE [24] . Since heritability estimates of REE adjusted for body composition were found to be moderate only (i.e., around 0.30; [25] ) the major effect seems to be explained by genes affecting body composition and constitution. The genetics of body composition extends this view. In fact, twin studies suggest that lean body mass is highly heritable (i.e. ranging between 0.56 and 0.60) which was independent of other body measures [26] . Up to now we cannot explain between subject variances in metabolically active components of lean body mass (i.e., organ mass). Since organs scale differently as weight as well as height the ''fit'' of organ masses within constitution should be considered as a further trait. Thus, besides mass the relation between mass and height is a suitable focus of future genomic research.
The present MRI-data provide evidence for the idea that when compared to the great times of Max Kleiber [1] modern body composition technologies could give considerable insights into the complexity of metabolic rate in humans. In the resting state, we can assume a constant rate of the metabolism of individual organs. Recently, specific metabolic rates of major organs and tissues have been validated across aldulthood with some age adjustments for specific purposes [27] . Since organs differ in their mass as well as their specific metabolic rates they thus differently contribute to metabolic rate of the whole body. The reconstruction of Kleiber's law at the organ-tissue level consisting of five components (i.e., liver, brain, kidneys, heart and remaining tissues resulted in a combined exponent of the product of specific metabolic rates of organs times organ masses to body mass of 0.76 which is close to the exponent of the classic equation [28] . Our present data show that organ masses scale differently to weight and height with scaling exponents of height markedly exceeding the corresponding exponents of weight for fat free mass, skeletal muscle, brain, heart and liver (Table 2) . It is tempting to speculate that with larger body mass the contributing effect of height (and thus of the composition of FFM) on metabolic rate increases with metabolically active organs constitute a smaller percentage of body mass.
Methods
The original study population consisted of 330 healthy, Caucasian volunteers (202 females and 128 males) aged 18 to 78 years with a BMI range of 15.9 to 47.8 kg/m 2 . Participants were recruited from students and staff at the University of Kiel and by notice board postings in local supermarkets and pharmacies. All subjects were non-smokers and took no medication known to influence energy metabolism or body composition. The study protocol was approved by the local ethical committee of the Christian-Albrechts-Universitä t zu Kiel. Each subject provided informed written consent before participation.
All participants arrived at the metabolic ward of the Institute of Human Nutrition and Food Science in the morning at 07.30 h after an overnight fast of .8 h.
Body composition analysis
A detailed description of the procedures is given in refs 10 and 11. Figure 1 . Masses of brain, heart, liver, kidneys and spleen plotted against height and weight for men (a,c,e,g,i) and women (b.d,f,h,j). doi:10.1371/journal.pone.0022732.g001
Anthropometrics. Height was measured to the nearest 0.5 cm with subjects in underwear and without shoes (stadiometer Seca, Vogel & Halke, Germany). Weight was assessed by an electronic scale (TANITA, Japan).
Dual-energy X-ray absorptiometry (DXA). Whole body measurement by DXA was performed using a Hologic QDR 4500A, (Hologic Inc., MA, USA). Scans were carried out by a licensed radiological technician. Manufactures software (version V8.26a:3) was used for the analyses of % fat mass (FM). Appendicular skeletal muscle mass was calculated according to Kim et al. [29] .
Magnetic resonance imaging (MRI). The volumes of 4 organs (brain, heart, liver and kidneys) were measured by transversal MRI images. Briefly, scans were obtained by a 1.5T scanner (Magnetom Vision Siemens, Erlangen, Germany). Brain and abdominal organs were examined by a T1-weighted sequence (FLASH) (TR: 177.8 ms (abdominal organs); TR: 170.0 ms (brain); TE: 4.1 ms/echo). ECG-triggered, T2-weighted turbo spin-echo ultrashot scans (HASTE) (TR: 800.0 ms; TE: 43 ms/ echo) were used to examine the heart. The slice thickness ranged from 6 mm for brain to 7 mm for the heart and 8 mm the internal organs without interslice gaps. Cross-selectional organ areas were determined manually using a segmentation software (SliceOmatic, version 4.3, TomoVision Inc. Montreal, Canada). Volume data were transformed into organ masses using the following densities: 1.036 g/cm 3 for brain, 1.060 g/cm 3 for heart and liver, 1.054 g/ cm 3 for spleen and 1.050 g/cm 3 for kidneys [30] .
Resting energy expenditure REE was measured by indirect calorimetry (REE m ) using a ventilated hood system (Vmax Spectra 29 n; SensorMedics BV, Viasys Healthcare, Bilthoven, Netherlands; software Vmax, version 12-1A). CV for repeated measures of REE in 11 subjects was 5.0% [31] . Calibration of flow and gas analysers was performed immediately before each measurement. Continuous gas exchange measurements were obtained for a minimum of 30 min. The first 15 min of each measurement were discarded. Measurements were performed in a metabolic ward at constant humidity (55%) and room temperature (22uC). REE was from VO 2 and VCO 2 calculated according to Weir [32] .
Data analysis
All data are given as means and standard deviations (SD). Statistical analyses were performed using SPSSß for Windows 13.0 (SPSS Inc., Chicago, IL, USA). Differences between gender were analyzed by t-test for independent samples. Pearsons correlation coefficient was calculated for relationships between variables. Logarithmic regressions were used for adjustments, see Eq. (**). In addition a stepwise multiple regression analysis was Table 5 . Partial correlation coefficients between muscle and organ masses (non-adjusted and adjusted for constitution) and REE controlled for age (n = 262). performed to explain the effect of body composition (as independent variable either adjusted or non-adjusted for constitution) on variance in REE (dependent variable). Hierachical blocks were entered for tests for change in F-statistics. All tests were 2-tailed and a P-value,0.05 was accepted as the limit of significance. MATLABß (The MathWorks, Inc., Massachusetts, USA) was used to plot three dimensional graph. Three dimensional data interpolation. In a group with N probands, every proband has a height x n in m, a weight y n in kg and the measured quantity u n of an organ mass or of REE. We generalize the two-dimensional linear regression to interpret the measured data and to demonstrate the curvature behavior of an interpolating function giving the mean prediction of the measured quantity in the group.
The linear regression of scattered data finds a linear functionu lin~ulin x,y ð Þ~azbxzcy by minimizing the squared error sum
The minimization provides the real values a, b, c and thus the linear regression function u lin x,y ð Þ with vanishing curvature. The generalization of this idea allows the function u some curvature, and the nonlinear regression function u is found by the minimization of a weighted sum of the squared error sum and the total curvature. The objective function now reads
with x min~m inx n , x max~m axx n and y min~m iny n , y maxm axy n as well as h x~xmax {x min and h y~ymax {y min . The factors h The weight a makes a compromise between the two objects under minimization, namely the squared error sum and the total curvature.
A small a boosts the minimization of the squared error sum whereas a larger a diminishes the curvature of the resulting interpolating function u~u x,y ð Þ. In the limit a??, the result of the nonlinear interpolation (*) tends to the linear regression function.
The minimization (*) is computed numerically, so that a large set of values of the function u on a rectangular grid is calculated and depicted for different measured quantities in Figures 1 and 2 as a continuous surface. The weight a has been chosen large enough, so that strong oscillations of the function u effected by measurement errors or individual deviations of the probands' data are suppressed and the tendency of the curved two-dimensional interpolation u is observable.
The individual deviation of the proband No. n's data from the interpolating function is the quotient u n =u x n ,y n ð Þ between the actual individual value u n and the prediction u x n ,y n ð Þ within the group. If the quotient is larger than 1, then the measurement u n is higher than the mean prediction for the particular height and weight of this proband. In this case the measurement is visible in Figures 1 and 2 as red point above the surface.
The nonlinear approximation quality can be given by the quotient of the mean squared error in relation e.g. to the mean value of the measured data, i.e. 
